Plants from four populations of three species of African grasses were collected from grasslands in Tanzania's Serengeti National Park that differ in the grazing intensity that they experience. Plants were grown in the laboratory in a factorial experiment in which variables were plant origin, species identification ofplants, defoliation intensity, and supply of soluble silicate in the nutrient medium. All plants accumulated silica in leafblades in the absence of soluble silicate from the nutrient medium. Plants native to the more heavily grazed grassland. accumulated more silica in their leaf blades than did plants from the less heavily grazed site. Blade silica content was higher-when plants were defoliated, indicating that silicification is an inducible defense against herbivores. The quantitative heterogeneity of this qualitatively homogeneous plant defense system may have contributed to the evolution of high species diversity in the grazing fauna.
Grasses and grazing mammals have had an extended, intimate evolutionary history from their simultaneous appearance in the Eocene to their spectacular adaptive radiations during the Pliocene and Pleistocene (1) (2) (3) (4) . The evolution of hypsodont dentition during the faunal radiations provides presumptive evidence that plant leafsilicification was a major evolutionary trend in the Poaceae (5, 6) . In addition to silica's deleterious effects upon herbivores due to the mechanical abrasion of enamel surfaces (7) , ingestion of plant silica is involved in the etiology of several pathological conditions in animals (8, 9) . Adaptive radiation in grazing mammals and grasses was fundamentally different from the radiations of dicotyledonous plants and herbivorous insects (10) . The latter were characterized by structural and chemical complexity ofthe plants and sophisticated feeding modes, chemical tolerances, and detoxification mechanisms within the animals (11) (12) (13) (14) . Grasses, in contrast, are comparatively simple structurally and lack the diverse secondary chemistry characteristic of dicotyledons. They appear to be a comparatively uniform food source by comparison with dicotyledons. How did such comparatively simple anti-herbivore defenses as silicification of grass leaves lead to the adaptive radiation of a highly diverse grazing mammal fauna? We herereport an experiment with grasses native to an unmanaged ecosystem supporting some semblance of the Pleistocene megafauna. The results indicate that the diversity ofgrasses and the mammals that feed upon them may have been influenced by the quantitative heterogeneity ofa qualitatively homogeneous plant defense system.
MATERIALS AND METHODS
The experimental design was a 24 factorial with the following variables: (i) Origin: plants were obtained from the heavily grazed (15-17) short grasslands of the southeastern Serengeti National Park in Tanzania and from a comparatively lightly grazed (15) (16) (17) medium-height grassland near Seronera, in the center of the Serengeti region. (ii) Species: Eustachys paspaloides (Vahl) Lanza Mattei from both locations was compared with Andropogon greenwayi Napper from the short-grass region and Panicumcoloratum Linnaeus from the medium-height grass region. (iii) Defoliation: control plants were unclipped for the 10-week duration ofthe experiment and treated plants were clipped to a height of 3 cm above the soil surface twice per week. (iv) Silica availability: Hoaglund's solution no. 2 supplied every 4 days or the same solution at the same interval with soluble silicate added as Na2SiO3 9H2O to give 100 ppm Si. Nutrient solution pH was adjusted to 5.5, within the range maintaining silica in a soluble form. Plants were grown in calcined clay (18) that had been washed in flowing water for 30 minutes. Calcined clay, rather than a hydroponic solution, was employed as the growth medium because we wanted to determine whether these plants could solubilize silica from clay particles, a capability that has been reported for some plants (19) . All plants had been in laboratory cultivation for over 4 years at the time ofthe experiment.
Silica in leaf blades was determined by wet ashing and weighing (20) . Data are expressed as a percentage of leaf dry weight. Percentages were transformed to the arcsin square root before statistical analysis. In the analysis of variance, the "species" comparison was between E. paspaloides and the other two species. This comparison was based on growth forms ofthe species under both grazed and ungrazed conditions. When grazed, E. paspaloides is a tightly tufted bunchgrass, whereas the others tend toward sod formers. Under ungrazed conditions, E. paspaloides has thick woody stems with foliage tufts at the nodes, whereas the other two species have a more conventional graminoid growth form. There were four replicates at each experimental combination for a total of 64 plants and an error degrees of freedom of 48; treatment degrees of freedom was 1 in all cases.
RESULTS
There were three significant main effects influencing leafblade silica content. Species identification was important (F = 22.52, P < 0.001) because E. paspaloides had a blade silica content of 3.32% and the other species averaged only 1.9%. Defoliation also influenced silica (F = 13.24, P < 0.001). Control plants had a leaf content of 1.97%, clipped plants had leaf silica contents of 3.48%. The third significant main effect was due to plant origin (F = 7.35, P < 0.01). Plants from the heavily grazed region had leaf silica contents of 3.86%, those from the lightly grazed region only 2.31%. There was, however, a significant first-order interaction between origin and species (F = 8.51, P < 0.01) that provided additional evidence for the complexity of silicification in these grasses. E. paspaloides from the Serengeti Plains had a silica content of 4.31%, but leaves of the 790 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 80 (1983) 791 medium-height grass population sample were only 3.41% silica. A. greenwayi, a short grass species, had a mean leaf silica content of 2.58%, and blades of the medium-height grass species, P. coloratum, were only 1.21% silica. The lack ofa soluble silica effect in the experiment indicates that all plants solubilized significant amounts of silica from the clay. There were no other significant effects in the complete analysis of variance. The three main effects and the first-order interaction accounted for 81.7% of the total variance of leaf silica content.
DISCUSSION
Grass leaf silicification has generally been discussed as a progressive change driving, and being driven by, the evolution of hypsodont dentition. While the fossil record provides abundant evidence in support of these evolutionary trends (1) (2) (3) (4) (5) (6) , the results of this experiment indicate that silicification may be more variable and dynamic than suspected in both ecological and evolutionary time. E. paspaloides had higher silica concentrations than the other species. Moreover, the higher leaf silica content ofthe short grass population sample ofthis species provided evidence ofecotypic differentiation in silica accumulation ability related to grazing exposure. Those plants exposed historically to higher levels of herbivory, the short grass plains populations (15) (16) (17) , had substantially higher leafsilica contents than plants from a location with a lower herbivore exposure.
Grazing is one of the most intense plant-herbivore interactions known (21) , and this experiment both provides insight into its present dynamics and may aid in the interpretation of the evolution of grasses and grazers. Although the grasses accumulated more silica when defoliated, silicification does not seem to fit either strict category ofa constitutive or an induced defense (22) because some plants had intrinsically higher silica contents, even when ungrazed. It is best viewed as a qualitatively constitutive trait that is, nevertheless, quantitatively inducible by grazing. The coevolution of silicification in grasses and hypsodont dentition in grazing mammals may have been more subtle and reticulate than heretofore suspected. Our experiment indicated that this defense against herbivores varies within and between plant species, with a population's previous exposure to grazing, and with the current defoliation regime. Much of the evolution of species diversity in both grasses and grazers may have been driven by the fact that grasses are a more heterogeneous food source than their simple physiognomy, similar growth forms, and comparatively simple secondary chemistry suggest. Present ecological relationships between grazers and grasses also appear more subtle in view ofthe results ofthis experiment.
Grasses seem to be prototypical examples of what Feeny (23) called "apparent" plants, those that are easy for herbivores to find and that have broadly effective but relatively innocuous defenses. But, given the manifold detrimental effects that silica may have on grazers (7) (8) (9) 24) , and the interaction between evo-lutionary and environmental determinants of silicification revealed by this experiment, the seemingly simple defense of silicification is actually quite complicated. Herbivores can discriminate between high-and low-silica plants and will preferentially feed on the latter (25) , so silicification can act as an effective deterrent to herbivory, and individuals in a plant community that differ in degree of silicification may confront herbivores with food sources that are more heterogeneous than previously suspected. Present and past species diversity of grasses and the animals that feed upon them may be related to quantitative variation within a qualitatively homogeneous plant defense system.
